INTRODUCTION
Wood is an anisotropic, inhomogeneous material that strongly attenuates ultrasound due to scattering from the variety of inhomogeneities which constitute its microstructure. In addition, the distribution of inhomogeneities within a particular sample of wood varies considerably, causing the measured (macroscopic) properties to appear to be random variables with rather large variance. Wood biology research, however, tells us that the distributions of tissue elements are at least quasiperiodic. A knowledge of the ultrasonic effects of various tissue elements, coupled with wood anatomical data, should improve our capacity to interpret the interactions of ultrasonic signals with wood. We present here some early results in our investigation into the effects of the various inhomogeneities on the velocity and attenuation of ultrasonic signals.
MOTIVATION AND METHODS
Currently, wood NDE using ultrasound is based on through transmission or pitch/catch measurements at moderately low frequencies (50 -500 kHz). Often, only the velocity data are used for property estimations [1] . The high attenuation is considered a problem, since it limits the usable path length. Consequently, the wavelengths used are close to the specimen dimensions, and specimen geometry and support can affect measurements. Our goals for this research are (1) to extend the range of frequencies used in wood NDE, (2) to determine the frequency dependence of attenuation and link it to wood microstructural features, (3) to add reflection and backscatter measurements to the tools used in wood NDE, and (4) to work towards developing ultrasonic NDE as a means for studying the elastic properties of wood tissue elements.
We work towards these goals by studying the effects of wood microstructure on ultrasonic wave speed, attenuation, and scattering. In modeling the tissue properties, we start from the simplest sensible representation, and match our observations to the model predictions. As data becomes available, we progress to a more refmed analysis, appropriate to the deviations of observation from the simple models.
The experimental material for the initial series of experiments is wood from a white fir, and from a ponderosa pine. Both trees were cut for this study, were machined green, and the cut samples were immediately immersed in water. The wood is now entirely waterlogged. That is, all void spaces in the wood are filled with water. Since the wood was never dried, we expect that it is reasonably free of the microcracks often created in drying.
Ultrasonic measurements are carried out in water immersion. Two matched transducers are mounted on-axis, and the sample is introduced into the sound path for pulseecho and transmission measurements. Three different broadband transducer pairs are used: 1 MHz, unfocused; 2.25 MHz focused (1.00 inch spherical focus); 5.00 MHz (2.00 inch spherical focus). The transducers are driven, and the received signal is amplified by a pulserreceiver. The amplified signal is captured by a 12-bit, 20 MHz data acquisition board for a PC compatible computer.
LAYERED STRUCTURE: GROWTH RINGS
While many materials are characterized by one or only a few characteristic dimensions, for instance, grain size in metals, or fiber diameter in fiber reinforced composites, wood exhibits structure on length scales from the meter to the nanometer range [2, 3] (Table I) .
At centimeter length scales and above, wood can successfully be modeled as a locally orthotropic, homogeneous solid. From the typical sound speeds in wood, we can estimate that this length scale corresponds to frequencies of 150 to 180 kHz when transmitting in the tangential direction, 180 to 220 kHz when transmitting in the radial direction, and 300 to 500 kHz when transmitting in the axial direction. It is noteworthy that this corresponds to the usual upper limits of frequencies utilized in investigating wood with ultrasound.
The first readily apparent anatomical structure in wood at or below the centimeter length scale is due to the annual growth cycle of the tree. It is related to the dual function of wood tissue, namely water supply and mechanical support. Every tree species goes through periods of dormancy, when no new wood tissue is formed. In the temperate zones, the dormancy period begins at the end of the local growing season. At the beginning of the next growing season, the tree starts forming new tissue which is generally very porous, since the crown needs a good supply of water. This is called the earlywood. Later in the year, when the crown is developed and nutrients are available, the denser latewood is formed. Figure 1 shows a typical example of the transition from one year's growth to the next in the ponderosa pine used in these experiments.
The term density here refers to a macroscopic density, that is, the mass of a piece of wood divided by its macroscopic volume. The cell wall density is a nearly constant 1500 kg/m3 in all woods [4] . The macroscopic density is determined by the amount of void space in the wood. For a typical dry wood density of 400 kg/m3, this implies a void fraction of 0.73. Most of the void space comes from the cell lumina, which have a diameter of approximately 30 -50 ~m in typical softwoods. These dimensions make it unlikely that the individual lumina scatter ultrasound at the frequencies used here. For ultrasound propagating in the radial direction, and in the frequency range of interest to us, wood can be expected to behave like a material composed of homogeneous layers. The properties of the individual layers can be estimated by standard techniques for obtaining effective material approximations.
Figure 1
Close-up of the annual ring boundary in the ponderosa pine used in this study. The true latewood is only approximately 1 mm thick. There is a layer structurally intermediate between the true earlywood (ew) and the true latewood (lw), characterized by the presence of many resin canals (rc), and by cell wall thicknesses intermediate between the thin earlywood cell walls and the thick latewood cell walls. Figure 2 shows a typical example of the cell distribution in a single annual ring of the ponderosa pine used by us. The resin canals visible in diffuse bands 4 to 6 mm and 1 to 3 mm to the right of the latewood boundary in Figure 2 are an anatomical feature typical of pines (for a close-up, see Figure 1 ). They are lysogenic features, which means they are formed by simply dissolving some cells to form a duct for the tree's resin.
INDIVIDUAL REFLECTIONS FROM LAYERS
We used a sample of the waterlogged ponderosa pine to find out whether individual layers reflect normally incident ultrasound. We planed the sample on the side nearer the center of the tree, the right side in our nomenclature, six times, removing approximately 3 mm each time. This adaptation of a technique from seismology gave us the "depth profile" of this sample. Figure 3 shows the actual tissue distribution in the sample, and the positions of the right sample faces with respect to the wood microstructure.
The original sample and each thinned version were mounted in our experimental setup, and echoes from both sides were recorded with all three transducer pairs. Additionally, the transmitted signal was recorded before the sample was removed from the ,. 5 mm . , Figure 2 A typical example of the cell distribution in an annual ring of the ponderosa pine used in this study. Average ring thickness is 10 mm. The right (inner) edge of the ring shown here is just off the edge of the photomicrograph. sound path, and finally the water transmitted signal was recorded just after the sample was removed. Sample mounting was carefully controlled so that the same region of the sample was in the sound path every time, and transducers were positioned so that the distance between the transducer face and the nearest sample surface was the same in all experiments.
The echo from a particular anatomical feature in the distance traveled will appear at a time after the front wall echo corresponding to twice the depth of the feature divided by the sound speed. We determined the sound speed in this sample from a plot of sample thickness vs. time of flight through the sample, and found that it was 2180 mls. Therefore, one microsecond in the signal trace corresponds to approximately 1 mm depth. Figure 4 shows the 1 MHz echoes from the seven stages scaled to the feature depth by the measured sound speed. Distance 0 is always the left face of the sample.
Several interesting observations can be made from the depth profiling shown in Figure 4 . The prominent signal feature at approximately 11 mm depth corresponds to the annual ring transition to the second (i.e., older) ring. This transition would be expected to give the highest impedance contrast. The feature is hardly visible in the right side echoes, possibly because the tissue density gradually increases towards this transition, and much energy is reflected before the signal reaches that feature.
The left echoes show features before the echo of the second ring. Comparison of their time location with the photomicrograph in Figure 2 and the sketch in Figure 3 suggests that these echoes might be related to the diffuse bands of resin canals. Since the resin canals are mechanically weakening the tissue, one might expect that a diffuse band of these features has effective material properties different enough from the surrounding tissue to produce such an echo. Individually, the resin canals would seem to be too small to act as scatterers at this wavelength. On the other hand, these resin canal bands don't give an obvious reflection in the right echoes. Either, the density contrast is too small for sound coming in from the right, and hence less dense earlywood, or the features visible in the left echoes are due to multiple reflections in the closely spaced layers near the left face of the sample.
Di lance (mm)
Left echoe Right echoe Figure 4 Echo waveforms of 1 MHz pulses reflected from a sample of waterlogged ponderosa pine, thinned by planing the right side six times. Bottom trace: sample at full thickness (19.2 mm), top trace: thinnest sample (3.09 mm) (see Figure 3 for details of sample geometry). The changing tissue density is very apparent in the changing amplitude of the front waIl reflections of the right echoes (Figure 4 b) . In the right echo from the 8.47 mm thick sample (the 5th trace from the bottom in Figure 4 ), the first echo is vanishingly smaIl. At that stage, the right face of the sample was formed by the very porous earlywood of the fully included ring.
FREQUENCY-DEPENDENT ATTENUATION, RADIALLY
The frequency dependence of sound attenuation contains vaIuable information about the nature of the attenuation. Comparison of the frequency spectra of pulses from the 5 MHz pulsers, transmitted through the ponderosa pine sample at various thicknesses indicates that attenuation increases with increasing frequency (Figure 5 ).
If we assume a constant bulk attenuation coefficient, dependent only on frequency, the amplitude of a wave after traveling a distance x through the materiaI will be related to the incident amplitude by:
Further, assume that front and back face effects, af and ab (Ia~, labl < 1), are the same for every sample thickness, and that they are simple factors of a(O) and a(x), respectively, that is:
The second of Equations (2) is the formula of a straight line with slope -a and yintercept c. We can find both by a least squares fit to a plot of log a(x) against sample thickness x. The results of applying this method to pulses from the 5.00 MHz and the 2. Frequency (MHz) Figure 5 Power spectra of spike pulses from the 5.00 MHz broadband pulser, transmitted through various thicknesses of waterlogged ponderosa pine, in the radiaI direction.
Frequency (MHz) Figure 6 Attenuation vs. frequency, from spike pulses transmitted through various thicknesses of waterlogged ponderosa pine, in the radial direction. Black dots: using 5.00 MHz transducers, gray dots: using 2.25 MHz transducers.
MHz transducers, transmitted through various sample thicknesses, are shown in Figure 6 .
While the absolute values of attenuation determined from the 2.25 MHz transducers are higher than those determined with the 5.00 MHz transducers, the shapes of the curves are remarkably similar. The 2.25 MHz transducers have a much shorter focal distance, and hence a shorter focal zone, than the 5.00 MHz transducers. Therefore, beam spreading may account for the higher apparent attenuation.
We see from Figure 6 that the frequency dependence of attenuation does not obey a simple power law. In particular, the features in the low-frequency end of the attenuation curves can be explained more easily by the presence of a distribution of filters with specific stop bands. Since the data comes from transmissions through a layered system, layers with a thickness corresponding to one half of a wavelength are possible filters with the right properties.
For the wave speeds in this experiment, layers absorbing in the frequency range of 0.5 to 2 MHz need to have thicknesses of 0.5 mm to 2.1 mm. As the photomicrographs and the pulse-echo waveforms show, there appear to be features associated with the latewood and the resin canal distribution which meet these requirements. It will be necessary to apply this method to samples with different microstructure to fully utilize this information on the frequency dependence of attenuation. In particular, transmission in the tangential direction, without an obviously layered structure, should provide valuable insights.
NEXT STEP: WHERE TO GO FROM HERE While the single-axis "depth profile" measurements provided a very useful set of initial data, a collection of C-scans of samples of varying thickness is clearly more desirable.
Designing a scan program appropriate to the particular samples, and carrying out the scans, is our next priority.
From these initial results, we know that the observed backscatter can be explained by a microstructure consisting of layers of different effective impedances. We are currently working on fitting model impedance distributions to the observed data.
After refining the procedures given above, and applying them to a variety of appropriately selected samples, we intend to reevaluate our approach based on the results obtained. In terms of experimental methods and our assumptions about wave propagation, we need to find out whether there is significant beam deviation due to anisotropy or waveguiding by layers. Further, we need to establish the magnitude and direction of angular scattering in the various experimental geometries. Finally, with good confidence in the interpretation of our experimental results, we will refme our effective material models to better represent the observed phenomena.
CONCLUSIONS
We have shown that (1) impedance variations correlate with the density contrasts due to the ring structure of wood, (2) many features of pulse-echo signals can be correlated with visible wood anatomical features, and (3) attenuation depends of frequency and seems to contain information about microstructural details.
Further, we have starting estimates for the magnitudes of impedance contrasts across the growth zones, and for the bulk attenuation coefficient. We also gained a better understanding of which tissue elements and structures need to be incorporated in appropriate effective material approximations. These results will guide our future experimental and modeling work.
